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ABSTRACT
Radio observations suggest that 3C 75, located in the dumbbell shaped galaxy NGC 1128 at
the center of Abell 400, hosts two colliding jets. Motivated by this source, we perform three-
dimensional hydrodynamical simulations using a modified version of the GPU-accelerated Adaptive-
MEsh-Refinement hydrodynamical parallel code (GAMER) to study colliding extragalactic jets. We
find that colliding jets can be cast into two categories: 1) bouncing jets, in which case the jets bounce
off each other keeping their identities, and 2) merging jets, when only one jet emerges from the col-
lision. Under some conditions the interaction causes the jets to break up into oscillating filaments
of opposite helicity, with consequences for their downstream stability. When one jet is significantly
faster than the other and the impact parameter is small, the jets merge; the faster jet takes over the
slower one. In the case of merging jets, the oscillations of the filaments, in projection, may show a
feature which resembles a double helix, similar to the radio image of 3C 75. Thus we interpret the
morphology of 3C 75 as a consequence of the collision of two jets with distinctly different speeds at a
small impact parameter, with the faster jet breaking up into two oscillating filaments.
Subject headings: galaxies: clusters: general – galaxies: clusters: individual (Abell 400) – galaxies:
clusters: intracluster medium – methods: numerical – extragalactic jets
1. INTRODUCTION
Extragalactic jets are thought to play an important
role in providing a heating mechanism in the center of
cool core (CC) clusters of galaxies. CC clusters exhibit
a falling temperature and increasing gas density towards
their center (for a review see Fabian 1994). The high
temperature (few million Kelvin) intracluster gas (ICG)
cools mainly via thermal bremsstrahlung and line emis-
sion, the cooling time being proportional to the inverse
of the gas density. The cooling times in the dense core
of some CC clusters are much shorter than the Hubble
time.
As a consequence of the short cooling times, we expect
a large amount of cool gas and high star formation rate
in these clusters. However, X-ray observations made by
Chandra and XMM-Newton (e.g., Peterson et al. 2003;
Tamura et al. 2003; Peterson & Fabian 2006) did not
find a large amount of cool gas in CC galaxy clusters,
and the observed star formation rate is much lower than
predicted (e.g., Edge 2001; Salome´ & Combes 2003; Mc-
Donald, Veilleux & Mushotzky 2011; O’Dea et al. 2008).
Non-gravitational energy input into CC clusters seems to
be necessary to solve this, the so called “cooling flow”,
problem. This energy input is most likely self-regulated,
since it should provide sufficient heat to quench the cool-
ing, but at the same time it should not be so strong as
to overheat and destroy the cool core. The most likely
sources providing the sufficient heating to prevent the
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intracluster gas from runaway cooling are active galactic
nuclei (AGNs) located at the center of CC clusters (Mc-
Namara & Nulsen 2007), but the exact physical mecha-
nism which distributes that heat is still not known.
Recent high resolution observations indicate that ac-
tive galactic nuclei (AGNs) at the center of CC clusters
of galaxies generate hot bubbles, jets, shocks, and turbu-
lence in the ICG (see Fabian 2012 for a review). Jets have
been suggested as the main source of energy input from
AGNs into the ICG. Numerical simulations have demon-
strated that AGN feedback based on momentum-driven
jets can prevent the cooling catastrophe (e.g., Gaspari
et al. 2011; Martizzi et al. 2012). Simulations assuming
that the AGNs are powered by the accretion of cold gas
produced stable thermal equilibrium and multiphase fil-
amentary structures similar to those observed in nearby
CC clusters (e.g., Gaspari et al. 2012; Li & Bryan 2014a;
Gaspari et al. 2013). However, the cold gas forms an un-
realistically massive stable disk in simulations, suggest-
ing that other physical processes are necessary to explain
the observations (Li & Bryan 2014b).
It was proposed and demonstrated by Falceta-
Gonc¸alves et al. (2010) that the combined effect of star
formation and AGN feedback to prevent the cooling
catastrophe. More recently, Li et al. (2015) demonstrated
that momentum-driven AGN feedback and star forma-
tion can prevent the cooling catastrophe producing self-
regulated cycles of accretion by the central supermassive
black hole, which heats the gas, followed by gas cooling
until the next cycle. This model is mainly consistent
with most observations (but, e.g., occasionally, it does
produce higher star formation rate and cooling rate than
observations imply). However, more work is needed to
improve the model parameters and include more physics
(e.g., transport processes and magnetic fields, which may
provide additional pressure support, and likely suppress
star formation and lower the star formation rate; van
ar
X
iv
:1
61
2.
02
34
1v
1 
 [a
str
o-
ph
.G
A]
  7
 D
ec
 20
16
2 Molnar et al.
Loo et al. 2015). Magnetic fields are essential in launch-
ing and collimating the jets, but perhaps less important
for jets propagating on extragalactic scales (e.g., Pudritz
et al. 2012). Most recent magneto-hydrodynamical simu-
lations including AGN feedback, cooling, and anisotropic
conduction due to the jet magnetic field show that the
main sources of heating are still AGNs, however, con-
duction may contribute to heating significantly in the
most massive clusters only if the maximum Spitzer con-
ductivity is adopted along magnetic field lines (Yang &
Reynolds 2016).
The collisions of jets are extremely energetic events,
thus they offer a unique opportunity to study astro-
physical plasma under extreme conditions and infer the
physical properties of jets based on the comparison of
hydrodynamical (and magneto-hydrodynamical) simula-
tions with observations. Jet collisions are also rare, but
radio observations of the double twin-jet system, 3C 75,
located in NGC 1128 at the center of the nearby galaxy
cluster Abell 400, suggest that there are two colliding
jets (e.g., Hudson et al. 2006). In Figure 1 we show su-
perimposed radio and optical images of the centre of 3C
75. The western jet from the northern AGN appears to
collide with, and merge into, the northern jet from the
southern AGN which does not seem to change its course
significantly.
Motivated by 3C 75, we study the interaction be-
tween two bipolar jets by performing hydrodynami-
cal simulations using a modified version of the GPU-
accelerated Adaptive-MEsh-Refinement (AMR) hydro-
dynamical parallel code (GAMER) developed at the In-
stitute of Astrophysics of National Taiwan University
(Schive et al. 2010).
We present our results in the following sections. Af-
ter this introduction we describe our numerical scheme
(Section 2). In Section 3 we present the results of our
hydrodynamical simulations of colliding jets and provide
a possible physical explanation for the twisted morphol-
ogy of the jets systems of 3C 75. Section 4 contains our
conclusions.
2. HYDRODYNAMICAL SIMULATIONS OF COLLIDING
JETS
The formation of jets around AGNs and their propaga-
tion out of the host galaxy into the intracluster environ-
ment involves complicated non-linear physical processes
including non-gravitational physics on a large dynamical
range in the space and time domain. Presently it is not
feasible to carry out numerical simulations to cover all
relevant physical process from the formation and prop-
agation of extragalactic jets from a scale of one pc to
tens of kpc. We expect that the jets are launched at
relativistic speeds (∼ 0.98c) from their AGNs, but they
are significantly decelerated by the time they reach the
edge of their host galaxies (∼ 0.4c), and further decel-
erate in the intergalactic medium (e.g., Laing & Bridle
2014). In our study we focus on simulating collisions be-
tween jets from FR I sources. FR I jets are expected to
decelerate significantly, to vjet<∼ 0.1c on kpc scales (e.g.,
Feretti et al. 1999; Laing et al. 1999). We modeled the
jets as bipolar outflows of high temperature, light fluid
launched from cylindrical nozzles at the center of our sim-
ulation box with velocities that are expected for these jets
when they propagate to extragalactic distances. Since we
Fig. 1.— Superimposed radio (Very Large Array 8.4 GHz; green
and red) and X-ray Chandra in 0.7-7.0 keV; blue) image of 3C 75
in NGC 1128 at the center of Abell 400 (after Hudson et al. 2006).
The distance between the two AGNs is about 7 kpc in projection.
deal with non-relativistic jet velocities, we may adopt the
equations of ideal non-relativistic hydrodynamics.
In our first study of jet collisions, we assumed an ini-
tially homogeneous isothermal ambient gas and a contin-
uous inflow of gas with constant injection velocity, and
fixed density and temperature for each of the two sta-
tionary jets.
We used a modified version of the GPU-accelerated
Adaptive-MEsh-Refinement (AMR) hydrodynamical
parallel code (GAMER) developed at the National
Taiwan University (Schive et al. 2010; Schive 2012) to
carry out our simulations of colliding jets. GAMER
adopts a novel approach in improving the performance
of astrophysical numerical simulations. It uses GPUs for
solving the partial differential equations, for example,
hydrodynamics, self-gravity, and magnetohydrodynam-
ics (Zhang et al., in preparation), and uses CPUs for
manipulating the AMR data structure. The parallel
performance has been highly optimized by implementing
(1) hybrid MPI/OpenMP/GPU parallelization, (2) con-
current execution between multiple CPUs and GPUs, (3)
asynchronous data transfer between CPUs and GPUs,
and (4) Hilbert space-filling curve for load balancing.
The code supports a variety of hydrodynamic schemes.
In this work we adopt the corner-transport-upwind
method (Colella 1990), Roe’s Riemann solver (Roe
1981), and the piecewise parabolic data reconstruction
(Colella & Woodward 1984). The overall performance
using these schemes is measured to be ∼ 7 × 107 cell
updates per second on a single NVIDIA K40 GPU,
which is found to be two orders of magnitude faster
than a single CPU core and one order of magnitude
faster than a ten-core CPU using an Intel Xeon E5-2670
v2 CPU at 2.50 GHz. The accuracy of GAMER has
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been carefully verified (Schive et al. 2010; Schive 2012).
We also tested GAMER by comparing results of bipolar
single jet simulations carried out with GAMER and
the publicly available and extensively tested Eulerian
parallel code FLASH developed at the University of
Chicago (Fryxell et al. 2000).
GAMER solves the Euler equations in conservation
form. In this case, in Cartesian coordinates, (x1, x2, x3),
the mass, momentum and energy conservation equations
may be expressed as:
∂ρ
∂t
+
∂
∂xj
(ρvj) = 0 (1)
∂(ρvi)
∂t
+
∂
∂xj
(ρvivj + pδij) = 0 (2)
∂e
∂t
+
∂
∂xj
[(e+ p)vj ] = 0, (3)
where ρ, p, and e are the mass density, the thermal
pressure, and the total energy density of the gas, e =
(1/2)ρv2 + , where  is the internal energy density, vi
and vj are the components of the flow velocity vector,
v, and the spatial indices, i, and j take a value of 1, 2,
or 3. All dependent physical variables are evaluated at
position r = (x1, x2, x3) and time t (we suppressed the
independent variables for clarity). This set of equations
is closed by using the equation of state for ideal gas:
p = (γ − 1) , (4)
where γ is the ratio of specific heats. For monoatomic
classical and ultra-relativistic ideal gases, the adiabatic
index changes between 5/3 and 4/3. We adopt γ ≤ 5/3
as a good approximation, since we assume that the jet
temperatures are in the non-relativistic regime (Tjet 
105 keV; e.g., Mignone & McKinney 2007).
2.1. Initial Conditions for Colliding Jets
We preformed simulations of two bipolar jets with dif-
ferent injection velocities, cross sections, densities, and
temperatures for the jets and the ambient gas. In this
paper we present simulations relevant to our qualitative
analysis of colliding extragalactic jets.
With future applications in mind, we chose the physi-
cal parameters of our jet system to match those derived
for 3C 75 based on radio and X-ray observations (Hudson
et al. 2006). We fixed the initial density and temperature
for the ambient gas at values suggested by the observa-
tions of 3C 75, and adopted a gas density and temper-
ature of ρamb = 5 × 10−29 g cm−3 and Tamb = 0.15 keV.
We simulated both sides of the two bipolar jets to model
3C 75 in a simulation box size of 20 kpc × 100 kpc ×
20 kpc, ([x1, x2, x3] = [x, y, z] = [±10,±50,±10] kpc)
choosing the y axis as the direction of the main jet prop-
agation. We used outflow boundary conditions which are
suitable for colliding jets.
The jets were continuously ejected from two nozzles
aligned with the (x, y) plane centered at y = 0 with a
fixed distance of 8 kpc between them (in x) and an offset
in the z direction: r1.2 = (±4 kpc, 0,±z0), where z0 de-
fines the impact parameter, P = 2z0, the offset between
the two centers of the nozzles. We illustrate our com-
putational setup in Figure 2, where we show the total
energy density of one of our models (model P060V18;
see Table 1) projected to the (x, y) plane. The z axis
is pointing out of the (x, y) plane with (x, y, z) forming
a right handed Cartesian coordinate system. Hereafter
we will express the impact parameter in units of the jet
diameter, P = 2z0/2rjet, thus P = 0 means a head-on
collision. When the two jets do not encounter, P ≥ 1.
With a viewing angle of 20◦, this gives a projected dis-
tance of 7.5 kpc for the jet sources (AGNs), which is in
agreement with that of 3C 75 (Hudson et al. 2006).
We adopt a setup for initial conditions suggested by
the observed morphology of 3C 75. All intrinsic pa-
rameters describing the injection of the two jets were
the same: the jet radius: rjet = 0.35 kpc, the length
of the nozzle: 0.7 kpc (the radius and the height of
the cylindrical nozzles). The directions of the jet in-
jection velocity vectors were fixed in the (x, y) plane
with directions: n1,2 = (±1, 3, 0)/
√
10. The velocity
field within each nozzle generating the bipolar jets was
changed smoothly from -vi to +vi (i = 1, 2) towards the
negative and the positive y axis to avoid a large unphys-
ical jump between velocities within adjacent simulation
cells, which could cause numerical problems. We adopted
ρjet = 10
−30 g cm−3 and Tjet = 12.2 keV for the gas of
the jets, so the jet is roughly in pressure equilibrium with
the ambient medium.
We ran jet collision simulations with a set of different
impact parameters changing z0, and, fixing one jet veloc-
ity at v1 = 18000 km s
−1, with different velocities of the
second jet from v2 = 10000 km s
−1 to v2 = 18000 km s−1
(internal jet Mach numbers, Mjet = v2/cs2, where cs2 is
the sound speed inside the second jet, 4.4 ≤ Mjet ≤ 7.9;
see the input parameters and the IDs for our different
models in Table 1). In order to study the jet interactions
considering an extensive range of values of the impact
parameter, we also ran an additional simulation with a
large impact parameter (P = 1.3; model P130V18). We
ran most of our hydrodynamical simulations for 50 Myr.
In those cases when we adopted slow injection velocities
for the second jet (v2 = 10000, 12000 km s
−1), we ran
the simulations for 70 Myr in order to make sure that
the slower jet propagates well away from the collision
region.
3. RESULTS
3.1. Bouncing and Merging of Extragalactic Jets
We show the results of our colliding jet simulations in
Figures 3 and 4 as projections of the total energy density
on the (x, y) plane, the plane of jet propagation, and the
(x, z) plane, showing the interacting jet offsets (± z0).
The columns of these figures show simulations wih dif-
ferent impact parameters, P = 0, 0.15, 0.3, 0.45, 0.6,
and 0.8 times the diameter of the jet (left to right). The
rows show the simulations at different velocities for the
second jet expressed as the jet Mach number, Mjet = 7.9,
7.0, 6.1, 5.3, and 4.4 (top to bottom; see Section 2.1 and
Table 1 for details).
The collision regions can be seen clearly in these fig-
ures as an enhancement in the projected energy marked
by red. In each panel in Figure 3, the two jets are mov-
ing from left to right nearly parallel to the horizontal
axis (simulation y axis). In Figure 4 the first jet with
fixed Mach number (Mjet = 7.9) is moving left to right,
the second jet, with different velocities, is moving in the
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opposite direction.
In the first column in Figures 3 and 4 we show jet
collisions with zero impact parameter (P = 0). In all
these cases only one jet seems to emerge after the collision
(see Figure 3). However, because of symmetry, after the
collision these jets are somewhat spread out in the out-
of-collision-plane direction (z; see Figure 4).
In most of those cases where we adopted a finite im-
pact parameter (P > 0), two jets can be seen after the
collision. As a consequence of the large velocities, the
jets bounce off each other and survive as individuals (see
Figure 3). In Figure 3 we can see that after the colli-
sion, the jets show increasing instabilities as the impact
parameter is decreased, and in some cases, as a result
of growing instabilities, the jets break up into oscillating
filaments.
After the collision the two jets still propagate in
roughly the same plane (see Figure 4), but the plane
is rotated relative to the horizontal direction by an angle
which is larger for smaller impact parameters and larger
velocity differences between the two jets.
In those cases when the second jet is much slower than
the first, the two jets may merge, and the bending angle
after collision of the slower jet is larger for higher velocity
differences between the two jets (see Figure 3).
Based on our results, we can classify colliding jets into
two categories: (1) bouncing and (2) merging jets. We
illustrate the difference between these two categories in
the first and second columns in Figure 5. In this fig-
ure we display the total energy density, scaled entropy
per particle (K ∝ T/ρ2/3), enstrophy, Ω = (1/2)ω2 (see
Section 3.3), and helicity, v ·ω, where ω is the vorticity,
ω = ∇ × v, projected to the (x, y) plane (from top to
bottom, first two columns). The first column illustrates
bouncing of two fast jets with v1 = v2 = 18000 km s
−1,
and a large impact parameter, P = 0.8 (model P080V18);
the second column shows projections of a merging jet
simulation with a small impact parameter, P = 0.3,
and large velocity difference: v1 = 18000 km s
−1 vs.
v2 = 10000 km s
−1 (model P030V10). The jets prop-
agate from left to right. The point of collision is in the
middle of the left hand side of the energy panels marked
with red (see top left panel for each simulation). It can
be seen clearly from Figure 5 that, after the collision,
the bouncing jets (1st column) keep their identities and
travel relatively unaffected, while, in the case of merging
jets, after the collision, the faster jet absorbs the slower
jet, although not instantly (2nd column).
We quantify the effect of jet collisions by projecting the
total energy density of the system to the (x, y) plane, ez,
and measuring the spread of ez along a line parallel to the
x axis (i.e, along a vertical line in Figure 3) at a distance
of 15 kpc from the collision point (ez[15, y]), and iden-
tify the two regimes of the parameter space resulting in
bouncing and merging jets. In Figure 6 we plot the width
of the projected total energy density where it is ≥ 5% of
its maximum value (ez[15, y] ≥ 0.05 × Max{ez[15, y]})
in a grid of impact parameter (0 ≤ P ≤ 0.8) and the
velocity of the second jet (expressed as the Mach num-
ber, 4.4 ≤ Mjet ≤ 7.9). The black-blue-green-orange-red
colors represent increasing spread of the jet. When the
jets merge the spread is limited because the second jet
disappears (black and dark blue color pixels).
A trend can be seen clearly in Figure 6: the spread in-
creases as the impact parameter and the velocity of the
second jet increases. The jets merge when the impact
parameter and the velocity of the second jet are small
(magenta and dark blue pixels; P000V10, P000V12,
P000V14, P015V10, P015V12, and P030V10, see Ta-
ble 1), otherwise they bounce. Since the x components
of the velocities of the jets have opposite signs, the rela-
tive value of this component decreases (it should be zero
for v1 = v2), and, as a consequence, the angle between
the bouncing jets decreases as does the spread between
them. This is the reason for the increasing spread with
increasing impact parameter (left to right in Figure 6).
Even though both jets propagate in the positive y di-
rection, the y component of the velocities of both jets
decreases because, as they collide, they generate more
turbulence and drive more waves as they propagate due
to the increased instabilities.
3.2. Instabilities in Colliding Jets
In general, as the jets propagate in the ambient
medium, instabilities are generated due to the Kelvin-
Helmholtz process (e.g., Birkinshaw 1991; Ferrari 1998,
and references therein). The form of the instabilities de-
pends on the thickness of the contact layer between the
jet and the ambient medium. Near the origin of the jet
the transition zone is thin, and the vortex sheet approx-
imation can be used assuming large density and velocity
gradients. Farther from the origin, the contact layer ex-
tends due to matter entrainment, turbulence and other
non-linear effects.
There are two main types of instability in jets: the sur-
face modes, which have steeply decreasing amplitude as
a function of the distance from the jet surface, and re-
flected body modes, which affect the entire gas in the jet.
Reflection modes dominate if Mjet>∼ 2
√
2 (e.g., Ferrari
1998). The jet Mach numbers in our hydrodynamical
simulations range from 4.4 to 7.9, therefore we expect
the reflection modes to dominate. The wavelengths of
the reflection modes can be estimated as λ ∼ 2piRMjet,
where R is the characteristic cross section of the jet. In
our case, λ ∼ 17 kpc. Our simulations show long wave-
length oscillations along the jets with wavelengths in the
range of 10 - 20 kpc, which is compatible to the expected
wavelength of the reflection modes.
In the 3rd column in Figure 5 we show the total energy
projected to the (x, y) plane from our colliding jet simu-
lations with fixed jet velocities: v1 = v2 = 18000 km s
−1,
but different impact parameters: P = 0.5, 1, 1.3, and
with P =∞ representing two non-interacting pairs of jets
(top to bottom; models: P045V18, P100V18, P130V18,
and SNGV18). In the case of non-interacting jets (see
bottom panel in the 3rd column), linear instabilities grow
non-linear only after the jets travel about 20 kpc. How-
ever, it can be seen from the 3rd column in Figure 5 that
the instabilities are enhanced in colliding jets and they
grow non-linear soon or immediately after the collision
(see 1st, 2nd and 3rd panels). As we increase the impact
parameter, the instabilities decrease (top to bottom in
the 3rd column; see also the trend from left to right in
the different columns in Figure 3).
The jets in Figure 5 do not seem to expand where they
meet, therefore the jets in our simulations with P = 1
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and 1.3 do not actually collide. However, interestingly,
comparing the 2nd and 3rd panels (P = 1 and 1.3) in Fig-
ure 5 with the last panel (P =∞), we notice that the two
jets still interact with each other via turbulence, which
enhances the instabilities and generates oscillations trav-
eling down the jets.
Studying the images from our hydrodynamic simula-
tions, we notice that in some cases the jets break into
filaments due to instabilities (e.g., mo dels P080V18,
P100V18, and SNGV18, columns 4, 5, and 6 top pan-
els, and models P100V10, and SNGV10, columns 5 and
6 bottom panels in Figure 3). Our simulations show that,
in general, filaments form in jets only far from the source
(∼30 kpc) unless the collision is strong, i.e, the impact
parameter is small (e.g., models P045V18 and P080V18;
compare top panels in columns 4 and 6). However, fila-
ments of this form are not frequently seen in radio images
of extragalactic jets, which is most likely due to the fact
that the jets usually reach lower-pressure regions in the
ambient medium and expand substantially before fila-
ments could develop.
3.3. Enstrophy Generation in Colliding Jets
The effect of interaction between jets due to turbu-
lence generated by collision can be quantified using the
enstrophy density, the mean squared vorticity,
Ω(r) =
1
2
∣∣ω(r)∣∣2, (5)
where ω(r) = ∇×v(r) is the vorticity at position r (note
that, occasionally, it is defined without the 1/2 factor).
In Figure 7 we show the integrated enstrophy (over x
and z) as a function of distance from the jet source (the
y coordinate) for different impact parameters: P = 0,
0.15, 0.30, 0.45, 0.60, 0.80, 1.00, 1.3, and ∞ in units of
the jet diameter. The maximum distance to which the
enstrophy shows the jets to propagate as coherent struc-
tures increases monotonically as the impact parameter is
increased, while the enstrophy peak drops significantly
at P > 0.5, as the jet centers become separated by more
than one jet radius.
As the jets propagate, most of the enstrophy (turbu-
lence) is generated near the jet (3rd panel in the first and
second columns in Figure 5). In the top panel in Figure 7
we show the projected enstrophy, normalized to its value
at injection for each model, as a function of the distance
along the jet for y ≥ 0 from the simulations of colliding
jets with fixed jet velocities, v1 = v2 = 18000 km s
−1,
but with different impact parameters: 0 ≤ P ≤ ∞ (see
last row in Table 1, and P130V18). It can be seen from
this figure that more enstrophy is generated right after
the collision when we adopt smaller impact parameters.
The largest enstrophy peaks (> 6) belong to the four
smallest impact parameters (P = 0, 0.15, 0.30, 0.45).
The bottom panel of Figure 7 shows the maximum of
the enstrophy as a function of the impact parameter for
interacting jets (0 ≤ P ≤ 1.3). The enstrophy max-
imum shows a “phase transition” as a function of the
impact parameter at a critical point, Pcrit ∼ 0.5. Small
impact parameters , 0 ≤ P . Pcrit, result in large en-
strophy maxima, ∼ 9, in the transition region around
Pcrit, the enstrophy drops to about half of this value,
and for large impact parameters, Pcrit . P ≤ 1.3, the
maximum is ∼ 4.6. A likely explanation for this “phase
transition” is the following. At the collision region of the
two jets, the jets slightly oscillate in direction as a result
of the growing Kelvin-Helmholtz instabilities. These os-
cillations induce a change in the jet gas mass involved
directly in the collision by changing the collision cross
section. The larger the changes in the mass involved
in the collision, the more turbulence is generated driv-
ing more shock waves into the ambient medium resulting
larger enstrophy maxima. The change in the mass in-
volved in the collision is larger for small impact param-
eters, generating more turbulence. As we increase the
impact parameter, the change in the jet gas mass due to
the oscillations of the jets drops at around P ∼ 0.5, and,
as a consequence, the amount of turbulence and thus the
enstrophy maximum are also reduced significantly.
As the jets are plunging through the ambient gas, their
bulk kinetic energy dissipates into shocks and turbulence,
and, as a result, they slow down. The dissipation of the
bulk kinetic energy into turbulent energy can be quanti-
fied using the enstrophy density. The scalar product of
the curl of Equation 2 with ω leads to the equation for
enstrophy generation along the jet,
DΩ
Dt
= ω · (ω ·∇)v −2Ω(∇·v)+ ω · (∇ρ×∇p)/ρ2, (6)
where the left hand side of this equation is the La-
grangian derivative, DΩ/D t = ∂ Ω/∂ t + (v · ∇) Ω, and
the source terms on the right hand side are the enstro-
phy stretching term, the compression term, and the baro-
clinic contribution, which is a result of the misalignment
between the gradients of the gas density and the pressure
(e.g., Porter et al. 2015).
We illustrate the generation of enstrophy using our
simulation with a small impact parameter, P = 0.15,
and injection velocities v1 = v2 = 18000 km s
−1. In
Figure 8 we show the relative contributions from the 1st,
2nd, and 3rd terms in Equation 6 to the enstrophy gener-
ation (blue, green and red lines). Note that these terms
represent enstrophy generation rates and therefore their
dimension is enstrophy over time. For comparison, we
also show the enstrophy (black solid line) normalized to
its value at the injection (also shown in Figure 7). It can
be seen clearly from this figure that the compression and
the baroclinic terms (2nd and 3rd terms in Equation 6)
are fluctuating around zero, thus their time integral will
be negligible and they do not contribute significantly to
the enstrophy. The stretching term (1st term in Equa-
tion 6) has a shape similar to the of the enstrophy (black
solid line). As expected, this term is always positive
(e.g., Buxton & Ganapathisubramani 2010), and, as a
consequence, the contribution from stretching dominates
the enstrophy generation. Note, however, that Buxton
& Ganapathisubramani (2010) used equations of incom-
pressible fluid dynamics in their analysis, and our simu-
lations were based on compressible fluid dynamics, which
is more appropriate for astrophysical applications.
3.4. Applications to 3C 75
The two bipolar jet system in 3C 75 is located in the
dumbbell shaped twin Wide Angle Tail (WAT) radio
galaxy NGC 1128 at the center of the nearby galaxy clus-
ter Abell 400 at a redshift of 0.023 (e.g., Owen et al. 1985;
Hudson et al. 2006). Hudson et al. (2006) concluded that
the AGNs in 3C 75 form a bound system originating from
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a previous merger, and they are both contained in a low
entropy core moving through the intracluster medium at
a relative speed of 1200 km/sec. In Figure 1 the radio
and optical (SDSS) images of 3C 75 are shown with green
and red colors (Hardcastle & Sakelliou 2004). The two
AGNs, the sources of the jets, at the center of the image,
are located at about 7 kpc from each other in projection.
3C 75 is one of the best sources to study the different
physical mechanisms capable of bending jets (e.g., ram
pressure due to the ambient gas as the jets move, collision
with dense gas in the ambient medium, and collision with
other jets). The ram pressure from a medium in trans-
verse relative motion to the jet is the most common rea-
son why jets show large-scale bends. The smooth changes
in the direction of the jets in 3C 75 farther from their
AGNs are due to the relative movement of the AGNs to
the ambient medium. The direction of the bending of the
jets (towards north-east) suggests that 3C 75 is moving
to the south-west. The eastern jet of the northern AGN
seems to bend suddenly to the north about 25 kpc east
of the core, where an enhancement can be seen in the
X-ray emission (Hudson et al. 2006), perhaps because of
an encounter with a denser gas cloud in the intergalactic
medium, or with the atmosphere of a galaxy. However,
the western jet from the northern AGN, after traveling
about 15 kpc from its source, bends to the north by about
45◦where its path crosses that of the northern jet of the
southern AGN. No X-ray enhancement associated with
extra gas can be seen in this location and the southern
AGN seems to be propagating towards the north-west
without changing its direction (Hudson et al. 2006). This
morphology suggests that the bending of the jet from the
northern AGN at this location is a result of a collision
with the jet from the southern AGN.
In Figure 9 we show projections of the total energy
and helicity along the jet in the interaction region (left
and right panels) from our simulation with v1 = 18000
km s−1 and v2 = 10000 km s−1, and an impact parame-
ter of P = 0.3 (model P030V10) using different rotation
angles around the direction of the propagation of the jet:
ϕ = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦ (top to bottom). Blue,
red, and white colors represent positive, negative, and
zero helicities. In projection, a double helical feature can
be seen in some viewing angles (especially at ϕ = 0◦),
which may give the impression that the two jets are spi-
raling around each other. However, our simulation shows
that, in this case the jets merge, the faster jet takes over
the slower one, and breaks into filaments due to the en-
hanced instabilities arising from the collision. The two
filaments travel with a speed close to that of the faster
jet and have no coherent rotational velocities perpendic-
ular to their propagation, which would be necessary for
helical motion. However, the filaments seem to have dif-
ferent helicities, coherent on the scale of a few kpc along
their propagation direction, which may provide stability
to these oscillating filaments (right column in Figure 9).
Our hydrodynamical simulations suggest a possible
physical explanation for the morphology of 3C 75. The
slower northern jet from the northern AGN collides with
a small but finite impact parameter with the faster jet
from the southern AGN traveling towards north-west,
the jets merge, and the faster jet takes over the slower
jet (most of the gas from the slower jet is grabbed by
the faster jet). The helical-looking morphology is a pro-
jection effect: the faster jet breaks into filaments due to
the enhanced instabilities caused by the collision with
the slower jet. This explanation is consistent with all
observed features of 3C 75.
4. CONCLUSION
We carried out hydrodynamical simulations to study
extragalactic jet collisions. We found that colliding jets
can be cast into two categories: bouncing and merging
jets. We have shown that two fast jets colliding with
non-zero impact parameter bounce off each other keep-
ing their identities, but jets with very different velocities
colliding with a small impact parameter merge into one
jet, and the faster jet takes over the slower jet. We have
found that the collision enhances the instabilities of the
jets; kpc scale oscillations are generated, and the jets
may break up into filaments. In some projections, the
filaments may show a twisted structure.
In general, magnetic fields in jets can reduce the
growth of the Kelvin-Helmholtz instabilities, and, as a
consequence, generate less turbulence, and can also af-
fect the transport processes within the jets (e.g., Hardee
2004; Ferrari 1998). However, the collisions between fast
jets included in our simulations are so energetic that we
expect that the weak magnetic fields inferred from obser-
vations would affect neither the dynamics of the collisions
significantly, nor our qualitative results on bouncing and
merging of jets.
Our hydrodynamical simulations suggest a physical ex-
planation for the twisted radio morphology of 3C 75:
strong instabilities are generated in the faster jet by the
collision with a much slower jet with a small, but finite
impact parameter. We leave a more quantitative analysis
of 3C 75 for a future study.
We thank the anonymous referee for detailed com-
ments and suggestions, which helped to improve the
presentation of our results. The code FLASH used in
this work was in part developed by the DOE-supported
ASC/Alliance Center for Astrophysical Thermonuclear
Flashes at the University of Chicago. This research has
made use of the NASA/IPAC Extragalactic Database
(NED) which is operated by the Jet Propulsion Labora-
tory, California Institute of Technology, under contract
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TABLE 1
IDs and the grid of input parameters for different models used in our hydrodynamical simulations.
v1a v2b Mjet
c P = 0 d P = 0.15 d P = 0.30 d P = 0.45 d P = 0.60 d P = 0.80 d P = 1 d P = ∞ e
18 18 7.9 P000V18 P015V18 P030V18 P045V18 P060V18 P080V18 P100V18 SNGV18
18 16 7.0 P000V16 P015V16 P030V16 P045V16 P060V16 P080V16 P100V16 SNGV16
18 14 6.1 P000V14 P015V14 P030V14 P045V14 P060V14 P080V14 P100V14 SNGV14
18 12 5.3 P000V12 P015V12 P030V12 P045V12 P060V12 P080V12 P100V12 SNGV12
- 10 4.4 P000V10 P015V10 P030V10 P045V10 P060V10 P080V10 P100V10 SNGV10
Note. — The IDs indicate the impact parameters and velocities of the second jet.
a Injection velocity of the 1st jet in 1000 km s−1 (fixed).
b Injection velocity of the 2nd jet in 1000 km s−1.
c Jet Mach number of the 2nd jet.
d Impact parameters, P, in units of the jet radius (see Section 2.1).
e Impact parameter of P = ∞ refers to our single jet models with different injection velocities (v2).
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Fig. 5.— Physical parameters of bouncing and merging jets projected to the (x, y) plane. The jets propagate from left to right. The
1st column shows the total energy density, scaled entropy per particle, enstrophy (all in log scale), and helicity (linear scale) from our
bouncing of jet simulation with v1= v2 = 18000km s−1, and a large impact parameter, P = 0.8. The 2nd column displays projections
of the same physical quantities from our merging jet simulation with a small impact parameter, P = 0.3, and large velocity difference:
v1 = 18000 km s−1, v2 = 10000 km s−1. Panels in the 3rd column show the total energy projected to the (x, y) plane from our bouncing
jet simulations with fixed jet velocities of v1 = v2 = 18000 km s−1, but different impact parameters: P = 0.5, 1.0, 1.3, and ∞ in units of
the jet diameter (see Section 2.1).
Fig. 6.— The spread around the maximum value of the total energy of colliding jets projected to the (x, y) plane, ez(x, y). The
color scale represents the width of ez where ez ≥ 5% of its maximum value at a distance of 15 kpc from the collision point (ez [15, y] ≥
0.05 ×Max{ez [15, y]}; see Section 3.1) as a function of impact parameter (P = 0, 0.15, 0.3, 0.45, 0.6 and 0.8 in units of the diameter of
the jet) and the Mach number of the second jet (Mjet = 4.4, 5.3, 6.1, 7.0, and 7.9).
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Fig. 7.— Top Panel: Projected enstrophy as a function of distance along the jet from our hydrodynamical simulations of colliding jets
with different impact parameters: P = 0, 0.15, 0.30, 0.45 (black/dashed, blue/solid, green/dash-dotted, red/dash-dot-dot-dotted lines) with
enstrophy maximum greater than 6, and P = 0.60, 0.80, 1.00, and 1.3 (green/dashed, blue/solid, red/dash-dot-dot-dotted, and aqua/dash-
dotted lines) with maximum less than 6 in units of the diameter of the jet with fixed injection velocities: v1 = v2 = 18000 km s−1. The
black/solid line extending farther than 50 kpc represents non-interacting jets (P =∞). The enstrophy is normalized to its value at injection
for each model. Bottom Panel: The maximum values of the enstrophy as a function of the impact parameter (from data displayed in the
top panel).
Fig. 8.— Enstrophy generation rate as a function of distance along the jet from our hydrodynamical simulations of colliding jets
with impact parameter P = 0.15 and injection velocities v1 = v2 = 18000 km s−1. The blue, green and red lines represent the relative
contributions to the enstrophy generation from stretching, compression, and from the baroclinic term (the 1st 2nd and 3rd terms in
Equation 6). For comparison, we also show the enstrophy (black solid line) normalized to its value at the injection (also shown in Figure 7).
Hydrodynamical Simulations of Colliding Jets 13
Fig. 9.— Projections of the total energy and helicity (left and right panels) of the two jets just after the collision using different rotation
angles around the direction of the jet velocity (left to right): ϕ = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦ (top to bottom) from our hydrodynamical
simulations with jet injection velocities of v1 = 18000 km s−1 and v2 = 10000 km s−1, and an impact parameter of P = 0.3. Blue and red
colors represent positive and negative helicities.
